In the mammalian global genome nucleotide excision repair pathway, two damage recognition factors, XPC and UV-DDB, play pivotal roles in the initiation of the repair reaction. However, the molecular mechanisms underlying regulation of the lesion recognition process in the context of chromatin structures remain to be understood. Here, we show evidence that damage recognition factors tend to associate with chromatin regions devoid of certain types of acetylated histones. Treatment of cells with histone deacetylase inhibitors retarded recruitment of XPC to sites of UV-induced DNA damage and the subsequent repair process. Biochemical studies showed novel multifaceted interactions of XPC with histone H3, which were profoundly impaired by deletion of the N-terminal tail of histone H3. In addition, histone H1 also interacted with XPC. Importantly, acetylation of histone H3 markedly attenuated the interaction with XPC in vitro, and local UV irradiation of cells decreased the level of H3K27ac in the damaged areas. Our results suggest that histone deacetylation plays a significant role in the process of DNA damage recognition for nucleotide excision repair and that the localization and functions of XPC can be regulated by acetylated states of histones.
Introduction
Genomic DNA is continuously damaged by various factors originating from both endogenous and environmental sources. In general, DNA damage has detrimental impacts on fundamental genomic functions and dynamics, including transcription, replication and chromosomal segregation. As the primary defense against DNA damage, cells have evolved multiple DNA repair pathways that play pivotal roles in prevention of genomic instability (e.g., mutations and chromosomal aberrations), cellular senescence and apoptosis.
Nucleotide excision repair (NER) is the most versatile DNA repair pathway, which covers a broad range of helix-distorting DNA lesions that do not Genes to Cells share any common chemical structures (Gillet & Sch€ arer 2006) . Substrates of NER include ultraviolet light (UV)-induced DNA photolesions, such as cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs), intrastrand cross-links caused by bifunctional alkylating agents, and bulky base adducts that can be induced by numerous chemical carcinogens. Importantly, hereditary defects in NER have been implicated in several human autosomal recessive disorders, such as xeroderma pigmentosum (XP) (de Boer & Hoeijmakers 2000) . Patients with XP are clinically characterized by photosensitivity of skin and a very high susceptibility to UV-induced skin cancer. Seven NER-deficient genetic complementation groups (XP-A through G) have been identified for XP, and all of the responsible gene products are directly involved in the NER machinery (Friedberg 2001; Sch€ arer 2013) .
To properly initiate DNA repair reactions, it is crucial to detect and locate precisely a small number of relevant lesions buried in normal DNA, which is present in large excess. Mammalian NER uses several alternative mechanisms for DNA damage recognition. At transcriptionally active loci, the repair reaction is efficiently triggered by blockage of elongating RNA polymerase at a lesion on the transcribed strand (Hanawalt & Spivak 2008; Lagerwerf et al. 2011) . This transcription-coupled NER subpathway is thought to contribute to rapid recovery of cellular transcriptional activity after DNA damage, which prevents apoptosis. However, the majority of lesions throughout the genome are recognized by specialized DNA-binding factors in a transcription-independent fashion (Yang 2008) . The latter subpathway, called global genome NER (GG-NER), prevents replication forks from colliding with lesions, thereby reducing the risk of genomic instability and carcinogenesis.
In mammals, two XP-related protein factors play key roles in lesion recognition for GG-NER. The XPC protein complex (XPC-RAD23-CETN2 heterotrimer) is able to recognize and bind to DNA sites containing a wide variety of lesions, and its specific binding depends on the presence of disrupted or destabilized base pairs in the DNA duplex (Hey et al. 2002; Sugasawa et al. 2002; Brown et al. 2010; Yeo et al. 2012) . When XPC forms a stable complex with DNA, it interacts only with intact bases that are prevented from normal base pairing, but not with the lesion itself Min & Pavletich 2007) . This indirect mode of damage recognition underlies the extremely broad substrate specificity of GG-NER. However, the DDB1-DDB2 (XPE) heterodimer, also designated as UV-damaged DNAbinding protein (UV-DDB), is more specialized for recognition of UV-induced photolesions (Reardon et al. 1993; Payne & Chu 1994; Fujiwara et al. 1999; Wittschieben et al. 2005) . In contrast to XPC, UV-DDB directly interacts with the affected bases themselves (Scrima et al. 2008) , thereby promoting recruitment of XPC to sites with specific types of DNA damage (Fitch et al. 2003; Wang et al. 2004; Moser et al. 2005) . UV-DDB is part of a Cullin4-RING ubiquitin ligase complex (CRL4 DDB2 ) (Shiyanov et al. 1999; Groisman et al. 2003; Kulaksiz et al. 2005; Fischer et al. 2011) , and posttranslational protein modifications including ubiquitination Kapetanaki et al. 2006; Wang et al. 2006; Puumalainen et al. 2014; Matsumoto et al. 2015) and SUMOylation (Poulsen et al. 2013; Akita et al. 2015; van Cuijk et al. 2015) are involved in regulation of the UV-DDB-mediated damage recognition process. Regardless of the intervention by UV-DDB, XPC bound to a damaged site recruits the general transcription factor IIH (TFIIH) complex (Li et al. 1998; Yokoi et al. 2000; Ara ujo et al. 2001; Okuda et al. 2015) . In concert with XPA, TFIIH checks for the presence of abnormal chemical structures in DNA, a process in which ATPase/helicase activities of XPB and XPD subunits play crucial roles Mathieu et al. 2010; Li et al. 2015) . This damage verification process is important to avoid unnecessary incisions at damage-free sites, thereby ensuring the accuracy of the entire repair system.
Although the damage recognition mechanism of GG-NER has been well characterized at a molecular level, the in vivo regulation of the process, especially in the context of chromatin structures, remains to be elucidated (see a recent review by Polo & Almouzni 2015) . In regulation of gene expression, higher-order chromatin structures are interconverted by writing and erasing various epigenetic marks, such as histone modifications and DNA methylation. In general, chromatin regions containing acetylated histones are more accessible to DNA-binding proteins, and therefore more transcriptionally competent, whereas transcriptionally inactive chromatin regions are highly condensed and often marked with methylation of DNA and histones. However, it remains unknown whether GG-NER is regulated in exactly the same way as transcription. Biochemical studies using cellfree NER systems showed that if a lesion is present within the nucleosome core, the interaction with XPC and the subsequent repair reaction are inhibited (Hara et al. 2000; Yasuda et al. 2005) , suggesting that histones may need to be evicted from sites of damage before XPC binding (Adam et al. 2015) . By contrast, UV-DDB can bind the damage-containing nucleosome core, presumably by recognizing a flexible DNA backbone exposed to the outer surface (Osakabe et al. 2015) , suggesting that UV-DDB may induce remodeling of the damaged nucleosome such that the lesion becomes accessible to XPC. Indeed, UV-DDB interacts with chromatin remodeling factors (Jiang et al. 2010; Pines et al. 2012) and various protein modification enzymes, including the histone acetyltransferases CBP/p300 (Datta et al. 2001; Rapi c-Otrin et al. 2002) , GCN5 (Martinez et al. 2001) and KAT7/HBO1/MYST2 (Matsunuma et al. 2015) , the histone deacetylases HDAC1/2 (Zhao et al. 2014; Zhu et al. 2015) and poly(ADP-ribose) polymerase 1 (PARP1) Robu et al. 2013) , as well as the ubiquitin ligase mentioned above. However, it remains to be determined how these factors are coordinated to ensure appropriate modulation in time and space of chromatin structures for GG-NER. Notably, UV-induced 6-4PPs are removed almost completely from the genome even in the absence of UV-DDB, albeit with a considerable delay (Hwang et al. 1999; Tang et al. 2000; Moser et al. 2005) , but it remains unclear how cells can sense the presence of lesions and alter chromatin structures before XPC interacts with the lesions.
In this study, we investigated the epigenetic characteristics of chromatin structures at sites where damage recognition for GG-NER occurs, and the results show interactions between XPC and histones. Our findings provide novel insights into the in vivo regulation of the damage recognition process.
Results

NER damage recognition factors associate with chromatin devoid of some acetylated histones
To examine features of chromatin structures where NER damage recognition occurs, we carried out chromatin immunoprecipitation (ChIP) experiments targeting XPC or DDB2. First, we used an XPCdeficient human cell line stably expressing the FLAGtagged XPC (FLAG-XPC) protein at nearly physiological levels. In this cell line, the defect in GG-NER of the parental cells is corrected, as judged from removal of UV-induced 6-4PPs (Yasuda et al. 2007) . When ChIP was carried out with this cell line and anti-FLAG antibody, coprecipitation of the downstream NER factor XPA was transiently increased after UV irradiation (Nishi et al. 2013) . This interaction diminished to the background level at 3 h postirradiation, by which time repair of 6-4PPs was almost completed, thus validating our ChIP system.
This ChIP system was used to analyze histone modifications associating with FLAG-XPC. At various time points after UV irradiation, ChIP samples were prepared and subjected to Western blot analyses with antibodies that specifically recognized various histone modifications. For precise comparisons, aliquots of input chromatin fractions were analyzed in parallel, and each blot was reprobed with an antihistone H3 pan antibody. As shown in Fig. 1A , amounts of histone H3 coprecipitated with FLAG-XPC were not significantly affected by UV irradiation, suggesting that XPC associates with chromatin even without exogenous DNA damage. Intriguingly, some types of histone acetylation, such as H3K14ac and H3K27ac, were substantially underrepresented in the ChIP fractions, regardless of UV irradiation. By contrast, other modifications, like H3K9me3, were detected at comparable levels, as expected from the amounts of histone H3 in the ChIP fractions.
Similar experiments were carried out with the normal human fibroblast cell line WI38 VA13 stably expressing FLAG-DDB2 (Fig. 1B) . In contrast to XPC, the amounts of coprecipitated histone H3 transiently increased after UV irradiation, suggesting that DDB2 binds to chromatin in response to UVinduced DNA damage. However, FLAG-DDB2 interacted weakly with H3K14ac or H3K27ac. These results indicate that NER damage recognition factors tend to associate with chromatin regions that lack certain types of acetylated histones.
Inhibition of HDAC activities compromises GG-NER
The results described above raised the possibility that deacetylation of histones is involved in the process of damage recognition for GG-NER. To investigate the possible role of deacetylation, we examined the effects of histone deacetylase (HDAC) inhibitors on GG-NER. WI38 VA13 cells were treated for 6 h with various concentrations of the HDAC inhibitors trichostatin A (TSA) and sodium butyrate (NaBu). For both inhibitors, acetylated histones accumulated in a dose-dependent manner, as expected ( Fig. 2A) . In the presence of an effective concentration of TSA or NaBu, repair of UV-induced 6-4PPs was delayed Genes to Cells (2017) 22, 310-327 ( Fig. 2B) , whereas the initial level of the generated lesions was unaffected (data not shown). Next, we investigated how HDAC inhibitors would affect recruitment of NER damage recognition factors to sites with UV-induced photolesions. For this purpose, we used a local UV irradiation system in which UVC light was focused by a reflective objective lens to a certain area within the nucleus under a fluorescence microscope. Local UV was applied to the cells stably expressing EGFP-tagged XPC (EGFP-XPC) or mKO1-tagged DDB2 (DDB2-mKO1). Time-lapse imaging and quantitative measurement of fluorescence intensities in the irradiated area showed that accumulation of EGFP-XPC, but not DDB2-mKO1, was significantly retarded by treatment with the HDAC inhibitors (Fig. 2C,D) . These results indicate that HDAC activities have stimulatory effects on the damage recognition process involving XPC.
XPC directly interacts with histones
To further investigate functional interactions between XPC and chromatin, we searched for interacting partners of XPC. To this end, we carried out sequential affinity purification of HA-and FLAG-tagged XPC stably expressed in HeLa S3 cells. Initial analyses with mass spectrometry indicated that histones H3 and H4 existed in the XPC complexes. The presence of histone H3 in the purified complex was confirmed by Western blot analysis (Fig. 3A) .
This finding prompted us to investigate whether XPC directly interacts with histones. For this purpose, we first carried out far-Western blot analyses. A total histone fraction was prepared from cultured cells using the H 2 SO 4 extraction method (Fig. 3B ). This histone fraction was separated on a SDS polyacrylamide gel, transferred to a membrane filter and incubated with purified recombinant XPC-RAD23B complex. Two major bands were detected with an anti-XPC antibody: the faster migrating one was identified as histone H3 because recombinant human H3.1 gave rise to a signal with the same mobility (Fig. 3B) . Intriguingly, truncation of the N-terminal 27 amino acids from histone H3.1 dramatically reduced this interaction. For the slower migrating band, the mobility suggested histone H1; this assignment was confirmed by fractionation of histones into core and linker histones, and also by comparison with recombinant histone H1.2 (Fig. 3C ).
Next, we sought to determine which part of XPC-RAD23B was responsible for the observed interactions with histones. We did not observe significant interaction with RAD23B alone (data not Crude chromatin fractions were prepared and subjected to Western blot analyses with anti-acetyl-lysine (Ac-K) and anti-histone H3 antibodies. (B) WI38 VA13 cells were treated for 6 h with 2 lM TSA or 10 mM NaBu, irradiated with 10 J/m 2 UVC and further incubated for the indicated times in the presence of the same HDAC inhibitors. As controls, WI38 VA13 cells not treated with HDAC inhibitors (NT) and XPC-deficient XP4PASV cells were analyzed in parallel. Genomic DNA was purified from each sample, and the amount of remaining 6-4PPs was quantified with lesionspecific antibody. Mean values and standard errors were calculated from three independent experiments. Student's t-tests showed that the observed difference between the NT and TSA samples was statistically significant. *P < 0.05. (C) Local UVC irradiation was carried out under a fluorescence microscope in XP4PASV cells stably expressing EGFP-XPC, which were treated for 6 h with or without HDAC inhibitors (2 lM TSA or 10 mM NaBu). Time-lapse images were acquired, and the ratio of fluorescence intensities in the irradiated vs. unirradiated areas was calculated for each time point. Mean values and standard errors were calculated from measurements from 30 cells. Student's t-tests were carried out to assess statistical significance of the observed differences. **P < 5 9 10 À7 . (D) WI38 VA13 cells stably expressing DDB2-mKO1 were used for experiments similar to those in (C).
Genes to Cells (2017) 22, 310-327 shown), suggesting that XPC serves as the main platform for this binding. The XPC protein comprises four evolutionarily conserved domains, which are crucially involved in DNA damage recognition: the transglutaminase homology domain (TGD) and three consecutive b-hairpin domains (BHD1, BHD2 and BHD3) (Min & Pavletich 2007) . In human XPC, TGD is divided into two parts; the intervening region is poorly conserved in terms of length and amino acid sequence and is predicted to be structurally disordered (Fig. 4A ). Based on this information, we prepared several truncated versions of the XPC protein: one N-terminal (amino acids 1-324) and two C-terminal (513-870 and 513-940) fragments. These mutant XPC proteins were subjected to far-Western blot analyses, in which recombinant histone H3.1 or H1.2 was incubated with the mutant XPC proteins transferred onto membrane filters. Only the N-terminal fragment of XPC interacted with histones H3.1 and H1.2 under these conditions (Fig. 4B,C) . We further truncated the N-terminal end of the XPC fragment, which is predicted to be disordered (Fig. 4A ). The interactions with both histones were markedly attenuated by deletion of 64 amino acids and reduced to undetectable levels by deletion of 127 amino acids (Fig. 4D,E) . Taken together, under our far-Western blotting conditions, the very N-terminal part of XPC was involved in the interactions with histones H3 and H1.
Multiple sites in XPC interact with histone H3
Although our far-Western blot analyses showed some interactions, we could not exclude the possibility that additional interactions might occur if XPC was not denatured. Therefore, we carried out pull-down assays to examine the XPC-histone interactions. When recombinant histone H3.1 was immobilized on magnetic beads, specific binding of the XPC-RAD23B complex was observed as expected ( Fig. 5A ). However, histone H1.2 failed to specifically pull down a detectable amount of XPC--RAD23B with this system, at least under the conditions we tested (data not shown). Genes to Cells (2017) 22, 310-327 Again, RAD23B alone did not show any specific interaction with histone H3.1 (data not shown). To determine which part of XPC was involved in this interaction, we subjected the three truncated XPC proteins (one N-terminal and two C-terminal fragments, used in Fig. 4B ,C) to pull-down assays. When a mixture of the three mutant XPC proteins was incubated with histone H3.1-bound beads, both Cterminal fragments, but not the N-terminal fragment, were specifically pulled down (Fig. 5B) . Importantly, these interactions were also compromised by deletion of the N-terminal tail of histone H3.1.
The two C-terminal fragments of XPC contained the previously identified CETN2-binding site (amino acids 847-866) (Nishi et al. 2005) . Therefore, we next addressed whether CETN2 binding affects this Figure 5 The C-terminal part of XPC interacts with histone H3 in pull-down assays. (A) Paramagnetic beads immobilized with (+) or without (À) recombinant histone H3.1 were used to pull down the XPC-RAD23B complex. XPC protein in the input and bound fractions was detected by Western blotting. (B) A mixture of three FLAG-tagged XPC deletion mutants (N1, C1 and C2) was subjected to pull-down assays without (À) or with histone H3.1, full-length (FL) or tail-less (TL). As a control, histone H3 in the bound fractions was also detected. (C) The FLAG-tagged XPC deletion mutant C1 was purified with (+) or without (À) CETN2 and then subjected to SDS-PAGE followed by silver staining. (D) Protein fractions shown in (C) were subjected to pull-down assays. Figure 4 Mapping of the histone-interacting domain in XPC. (A) Structural disorder probabilities were calculated and plotted for human XPC protein with two software packages, DISOPRED3 and DisProt (see also Bunick et al. 2006) . Positions of known functional domains and truncated mutant proteins used in this study are shown. (B) Three FLAG-tagged XPC deletion mutants (N1, C1 and C2) were prepared and subjected to far-Western blot analysis with recombinant histone H3.1 [rH3.1 (+)]. As a control, the same set of samples was treated similarly, except that histone H3.1 was omitted from the incubation with the membrane filter interaction between XPC and histone H3. For this purpose, purified recombinant CETN2 in molar excess was incubated with the XPC C-terminal fragment (513-870) in a crude insect cell extract. In this manner, a heterodimeric complex was efficiently reconstituted and purified, exactly as described for the XPC fragment alone (Fig. 5C ). This complex formation did not affect the pull-down efficiency of the XPC C-terminal fragment, indicating that binding of CETN2 does not interfere with the interaction with histone H3 (Fig. 5D ).
Acetylation of histone H3 attenuates interaction with XPC As described above, HDAC activities are somehow involved in the process of damage recognition for GG-NER. Because our results indicated that the Nterminal tail of histone H3 was important for the interactions with XPC, we sought to determine whether the interactions are regulated by histone acetylation. To address this question, we first carried out far-Western blot analyses. Total histone fractions were prepared from cells treated with various concentrations of TSA (Fig. 6A) . Western blot analyses confirmed that acetylated histones accumulated in a dose-dependent manner, whereas H3K9me3 was reduced reciprocally (Fig. 6B ). When these histone fractions were subjected to far-Western blot analysis with XPC-RAD23B, the interaction of XPC with histone H3 was significantly weakened as the TSA concentration increased.
The effect of histone acetylation was further examined in a more defined system using recombinant proteins. Histone H3.1 immobilized on magnetic beads was treated with the recombinant histone acetyltransferase CBP and used to pull down the XPC-RAD23B complex. Induction of H3K27ac, a known product of acetylation by CBP (Tie et al. 2009 ), was confirmed, and CBP treatment substantially attenuated the interaction with XPC-RAD23B (Fig. 6C) . Taken together, we conclude that the interaction between XPC and histone H3 is negatively regulated by acetylation of histone H3.
Taken together, the results described above raise the possibility that deacetylation of histone H3 is induced around sites containing DNA damage and could thus contribute to efficient recruitment of XPC. We tested this notion by subjecting cells to local UV irradiation through isopore membrane filters, followed by immunofluorescence staining of acetylated histone H3 (Fig. 7A) . Accumulation of EGFP-XPC marked the areas with UV irradiation, and H3K27ac signals in the damaged areas tended to 2 was applied to the cells expressing EGFP-XPC. After immunofluorescence staining with anti-H3K27ac antibody as in (A) (or anti-H3K9me3 antibody as a control), relative Alexa Fluor 594 fluorescence intensity per area was calculated for the site where EGFP-XPC was accumulated and divided by the value calculated for the whole nucleus. The ratios were calculated for at least 19 UV-irradiated areas from each sample, and the distributions are shown as box plots. Student's t-tests were carried out to assess whether the ratios were less than 1. *P < 1 9 10 À6 ; **P < 5 9 10 À9 ; n.s., not significant. (C) A model for regulation of the XPC localization in chromatin. XPC has at least two interfaces for interactions with the nonacetylated N-terminal tail of histone H3 and/or histone H1. In relatively open chromatin regions containing acetylated histone H3, the interaction of XPC would be more pronounced with non-nucleosomal DNA rather than with histones. be lower than in the surrounding regions. Quantitative analyses confirmed that, in comparison with the whole nucleus, the local H3K27ac level in the UVdamaged area was significantly reduced in a dosedependent manner, while similar reduction was not observed with other types of histone modifications, such as H3K9me3 (Fig. 7B) . These results suggest that deacetylation of histone H3 occurs around the sites with UV-induced DNA damage.
Discussion
Possible roles of histone acetylation in GG-NER Studies on roles of histone modifications in NER were pioneered by Smerdon et al. (1982) , reporting that the treatment of cells with NaBu seemed to stimulate repair of UV-induced DNA damage. Subsequently, many published reports have pointed positive effects of histone acetylation on GG-NER (for review, see Li 2012) . In contrast, our results showed in this study indicate that inhibition of HDAC activities compromised the process of DNA damage recognition by XPC and subsequent GG-NER (Fig. 2) . One possible reason for such apparent inconsistency could be that we quantitatively assessed the repair kinetics of 6-4PPs and recruitment of damage recognition factors during relatively short periods after UV irradiation. In addition, our ChIP experiments indicated that XPC constitutively associates with chromatin, whereas UV-DDB inducibly and transiently binds to chromatin in response to UV irradiation of cells ( Fig. 1 ; see also Matsumoto et al. 2015) . Intriguingly, some types of acetylated histones, such as H3K14ac and H3K27ac, appear to be excluded from chromatin regions where XPC is bound, regardless of whether the cell has been exposed to UV irradiation. Therefore, the results of this study unexpectedly implicate deacetylated states of chromatin in regulating the localization and function of XPC.
Among histone acetylation at defined sites, H3K9ac has been implicated in recruitment of XPC and other NER factors to sites with UV-induced DNA damage, and the histone acetyltransferase GCN5 and the transcription factor E2F1 were shown to be involved in this process (Guo et al. , 2011 . Notably, however, it has not been directly explored at molecular levels how histone modifications affect dynamics of damage recognition factors and their interactions with DNA lesions. As found in regulation of transcription (Xhemalce & Kouzarides 2010) , it would be conceivable that not all types of histone acetylation may have the same impact on GG-NER. According to our results, inhibition of HDACs did not completely block removal of 6-4PPs or accumulation of XPC to local UV damage. This is not surprising if a substantial fraction of UV photolesions is generated in chromatin regions that already lack relevant acetylated histones.
Although assembly of a lesion site into the nucleosome core inhibits recognition by XPC (Hara et al. 2000; Yasuda et al. 2005) , we showed previously using a cell-free NER system that nucleosome formation in undamaged DNA masks nonspecific XPC-DNA interactions, thereby increasing the specificity of damage recognition (Yasuda et al. 2005) . Analogously, hyperacetylated chromatin regions are probably more accessible to damage recognition factors but at the same time could allow nonspecific trapping of XPC by undamaged chromatin regions. Therefore, proper remodeling of chromatin structures around lesion sites in a spatiotemporally regulated manner may be crucial for efficient damage surveillance over the whole genome. This provides a possible explanation for our finding that global relaxation of chromatin by treatment with HDAC inhibitors was disadvantageous to GG-NER.
Given that deacetylation of histones is somehow induced at a lesion site, does it lead to condensation of neighboring chromatin structures? In fact, heterochromatin protein 1 accumulates upon local UV irradiation (Luijsterburg et al. 2009 ), suggesting that a heterochromatin-like structure is formed at least transiently. Apart from the preferential interaction of XPC with deacetylated histone H3, a possible role for such chromatin condensation around a lesion site is transient blockage of transcription and/or replication; it is conceivable that an encounter of the transcription or replication machinery with a site of ongoing NER must be deleterious to the cell. Although it remains unclear how NER could take place under such circumstances with condensed chromatin, it should be noted that heterochromatin has a highly dynamic nature (Wang et al. 2016) .
Acetylated histone H3 was also underrepresented in DDB2-bound chromatin regions, but unlike XPC, accumulation of DDB2 to local UV damage was not significantly affected by treatment with HDAC inhibitors. One possible explanation for this is that, upon interacting with UV photolesions in chromatin, UV-DDB may immediately induce deacetylation of surrounding histones, which may then contribute to subsequent recruitment of XPC. However, accumulation of DDB2 upon local UV irradiation as well as Genes to Cells (2017) 22, 310-327 tethering of DDB2 at a defined genomic locus could induce chromatin decondensation Adam et al. 2016) , in which roles of histone acetylation remain to be established. Considering that DDB2 interacts with both HDAC (Zhao et al. 2014; Zhu et al. 2015) and histone acetyltransferases (Datta et al. 2001; Rapi c-Otrin et al. 2002; Matsunuma et al. 2015) , further studies are necessary to envisage UV-DDB-related regulation of histone acetylation and its role in GG-NER.
Physical interactions between XPC and histones
Recently, modes of damage search by XPC and its yeast homologue Rad4 have been examined in vivo and in vitro (Camenisch et al. 2009; Chen et al. 2015; Kong et al. 2016) . The authors of these studies proposed that the BHD1/BHD2/b-turn interface of XPC engages in rapid interrogation of the DNA duplex via a sliding mechanism. A stable damage recognition complex is then formed by insertion of b-hairpin of BHD3 between the two DNA strands at the lesion site, and XPC must persist at a suspicious site for a sufficient time period to overcome a required energy barrier. Although this kinetic gating model for lesion recognition has been further supported and elaborated by more recent single-molecule imaging analyses (Kong et al. 2016) , it remains to be determined how an efficient damage search is conducted by XPC in the context of chromatin structures. Previous photobleaching experiments showed that in vivo mobility of XPC is exceptionally low compared with other NER factors and sensitive to reduced temperature (Hoogstraten et al. 2008) . This is inconsistent with a simple diffusion model; instead, it supports the notion that XPC probably searches for lesions through continuous association and dissociation on chromatin, which may require certain enzymatic activities such as ATP hydrolysis .
In this study, we found that XPC directly interacts with histones H3 and H1. Our far-Western blot analyses showed that the very N-terminal, unstructured region of XPC was important for interactions with both histones H3 and H1, whereas the C-terminal domains of XPC showed no detectable interactions. However, in pull-down assays with native forms of XPC, the C-terminal part of XPC was primarily responsible for interaction with histone H3, and no specific interactions involving the N-terminus of XPC and/or histone H1 were observed. Therefore, XPC appears to have at least two interfaces for binding to histones. We postulate that the major determinant of this interaction involves the C-terminal domains of XPC and histone H3 and depends on proper folding of XPC, whereas the interactions of the XPC N-terminus observed in far-Western blot analyses are relatively weak. Notably, binding of CETN2 did not interfere with the XPC-histone H3 interaction. Because CETN2 markedly augments the DNA-binding activities of XPC (Nishi et al. 2005) , these results indicate that the heterotrimeric form of XPC is competent for interactions with both DNA and histones.
Importantly, deletion of the N-terminal tail of histone H3 severely compromised the interactions with both the N-and C-terminal regions of XPC, suggesting that the N-terminal tail of histone H3 serves as a platform for chromatin binding of XPC. Notably in this regard, in the crystal structure of the nucleosome core particle, the N-terminal tails of two histone H3 molecules protrude in the same direction around the entry and exit paths of DNA (Luger et al. 1997) , where histone H1 (if present) is also thought to be deposited (St€ utzer et al. 2016) . Thus, according to the beads-and-string model, putative XPC-interacting sites may be aligned along the axis of the nucleosome array. It is possible that such multifaceted interactions of XPC with histones could contribute to efficient damage search on chromatin fibers.
Another crucial aspect of the XPC-histone interactions is the effect of acetylation. In both far-Western blot analyses and pull-down assays, acetylation of histone H3 markedly weakened the interaction with XPC. This was consistent with our ChIP results, suggesting that XPC tends to be recruited preferentially to hypo-acetylated chromatin regions, where histone H1 is likely present as well (St€ utzer et al. 2016) (Fig. 7C) . Notably, upon local UV irradiation through isopore membrane filters, the level of H3K27ac was reduced in the damaged areas, suggesting that deacetylation of histones may take place around lesion sites. Although such deacetylation may associate intrinsically with the GG-NER process (e.g., in a UV-DDB-dependent manner), blockage of replication and/or transcription at lesion sites could also induce local and transient chromatin condensation. Given that such chromatin condensation is accompanied by deacetylation of histones, it is possible that XPC is recruited to those sites, where it engages in initiation of NER. Further studies are required to elucidate the underlying molecular mechanisms and biological relevance of such deacetylation.
Experimental procedures
Cell culture
Simian virus 40-immortalized human fibroblast cell lines (normal cell line WI38 VA13 and XPC-deficient cell line XP4PASV) were cultured at 37°C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle medium (DMEM; Nissui Pharmaceutical, Tokyo, Japan) containing 10% fetal bovine serum (FBS). For selection of stably transformed cells, hygromycin B (Thermo Fisher Scientific, Waltham, MA, USA) or puromycin (Sigma-Aldrich, St Louis, MO, USA) was added at the indicated concentration. For baculovirus production, Sf9 cells were cultured at 27°C with Grace's insect medium (supplemented; Thermo Fisher Scientific) containing 10% heat-inactivated FBS. Protein expression was carried out in High Five cells, which were maintained at 27°C in Ex-Cell 405 serumfree medium (Sigma-Aldrich).
Chromatin immunoprecipitation
The XP4PASV transformant cell line stably expressing FLAGtagged human XPC (FLAG-XPC) was established as described previously (Yasuda et al. 2007 ) and maintained in culture medium containing 10 lg/mL hygromycin B. A FLAG-tag was fused to the N-terminus of human DDB2 (FLAG-DDB2) and expressed in WI38 VA13 cells with the pIRESpuro2 vector (Takara Bio, Kusatsu, Shiga, Japan). Stably transformed cells were selected and maintained in the presence of 0.5 lg/ mL puromycin.
For chromatin immunoprecipitation (ChIP), cells were seeded in 150-mm culture dishes (1-1.5 9 10 7 cells/dish), incubated overnight at 37°C and irradiated with UVC at 10 J/ m 2 (or sham-irradiated). After incubation for various periods of time, cells were fixed by adding 16% paraformaldehyde solution (methanol-free; Wako Pure Chemical, Osaka, Japan) to the culture medium at a final concentration of 1%, followed by incubation for 5 min at room temperature. The unreacted fixative was then quenched by adding glycine at a final concentration of 125 mM, followed by incubation for 5 min at room temperature. The fixed cells were washed with ice-cold phosphate-buffered saline (PBS) and scraped into buffer A [10 mM PIPESNaOH (pH 6.8), 3 mM MgCl 2 , 0.3 M NaCl, 1 mM EGTA, 0.1% Triton X-100, 33.3% sucrose, 10 mM N-ethylmaleimide (NEM), 10 mM sodium butyrate (NaBu)] containing protease inhibitor cocktail [0.25 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich), 1 lg/mL leupeptin (Roche Diagnostics, 2 lg/mL aprotinin (Roche Diagnostics), 1 lg/mL pepstatin (Roche Diagnostics, Basel, Switzerland), 50 lg/mL Pefabloc SC (AEBSF; Roche Diagnostics)]. The cell suspension was rotated at 4°C for 1 h and centrifuged at 1000 g for 5 min. The resultant pellet was washed three times with buffer A, suspended in 200 lL of buffer B [10 mM Tris-HCl (pH 8.0), 0.14 M NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.1% sodium deoxycholate, 1% Triton X-100, 10 mM NEM, 10 mM NaBu and protease inhibitor cocktail] and sonicated in a Bioruptor UCD-300 (Cosmo Bio, Tokyo, Japan) to obtain sheared DNA fragments 100-300 bp in length. After centrifugation at 20 000 g for 15 min, the supernatant fraction was subjected to immunoprecipitation with anti-FLAG M2 agarose beads (Sigma-Aldrich). The beads were washed extensively with buffer B, and the bound materials were eluted with buffer B containing 0.5 mg/mL FLAG peptide (Sigma-Aldrich).
Local UV irradiation
The XP4PASV transformant cell line stably expressing enhanced green fluorescent protein-tagged XPC (EGFP-XPC) was established as described previously ) and maintained in culture medium containing 10 lg/mL hygromycin B. Monomeric Kusabira Orange 1 was fused to the Cterminus of DDB2 (DDB2-mKO1), and the fusion protein was expressed in WI38 VA13 cells from the pMMPpuro retroviral expression vector (obtained from T. Taniguchi, Fred Hutchinson Cancer Research Center, with permission from R.C. Mulligan, Harvard Medical School). Stably transformed cells were selected and maintained in the presence of 0.5 lg/ mL puromycin. Local UVC irradiation under a fluorescence microscope and quantitative measurement of fluorescence were carried out as described previously (Akita et al. 2015) . UVC irradiation through a polycarbonate isopore membrane filter (5 lm pore size; Merck-Millipore, Darmstadt, Germany) was carried out as described (Yasuda et al. 2007 ).
Isolation of protein complexes containing XPC
The HA-FLAG tandem tag was fused to the N-terminus of XPC, and the fusion protein was stably expressed in HeLa S3 cells from the retroviral expression vector pOZ-N (Ikura et al. 2000) . Nuclear extracts from cells expressing the fusion protein were subjected to sequential immunoprecipitation with anti-HA and anti-FLAG antibodies.
Preparation of chromatin and histone fractions from cultured cells
To prepare crude chromatin fractions, cells in a culture dish were washed with ice-cold PBS and scraped into buffer A containing protease inhibitor cocktail. The cell suspension was rotated at 4°C for 1 h and centrifuged at 1000 g for 5 min. The resultant pellet was washed three times with buffer A containing protease inhibitor, and then sonicated in buffer B in a Bioruptor UCD-300. This suspension was used as the crude chromatin fraction.
The total histone fraction was prepared by the H 2 SO 4 extraction method as described previously (Marunouchi et al. 1980) with several modifications. Instead of homogenization, cells in a culture dish were lysed in situ with buffer C [10 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 2 mM MgCl 2 , 10 mM NaBu, 2 mM 3-mercapto-1, 2-propanediol (MPD; Wako Pure Chemical)] containing 0.1% Triton X-100. The lysate was collected with a cell scraper and centrifuged at 800 g for 5 min. The pellet was washed once with buffer C, resuspended in Genes to Cells (2017) 22, 310-327 buffer D [50 mM Tris-HCl (pH 7.5), 50 mM NaHSO 3 , 1% MPD] and centrifuged at 9000 g for 5 min. The resultant pellet was resuspended in buffer D containing 0.15 M NaCl, incubated at 4°C for 30 min and centrifuged at 9000 g for 5 min. Histone proteins were solubilized from the pellet with 0.2 M H 2 SO 4 and recovered by precipitation with 20% trichloroacetic acid. To separate core and linker histones, the pellet obtained after the buffer D wash was resuspended in buffer D containing 0.6 M NaCl and incubated at 4°C for 30 min. After centrifugation at 9000 g for 5 min, linker histones recovered in the supernatant were precipitated with 20% trichloroacetic acid, whereas core histones remaining in the pellet were solubilized and recovered as described above for total histones.
Purification of recombinant proteins
The heterodimeric complex of FLAG-XPC and RAD23B-His proteins was prepared as described previously (Nishi et al. 2005) . The FLAG-tagged truncated XPC proteins were expressed in insect cells using the Bac-to-Bac baculovirus expression system (Thermo Fisher Scientific). High Five cells in a 150-mm culture dish were infected with a recombinant baculovirus and incubated at 27°C for 2-3 days. The infected cells were collected, washed twice with PBS and suspended in eight packed cell volumes of buffer E [25 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 1 mM EDTA, 10% glycerol, 1% Nonidet P-40 and protease inhibitor cocktail]. The cell lysate was incubated on ice for 30 min and centrifuged at 2300 g for 10 min. The resultant pellet was sonicated in buffer E and centrifuged at 9000 g for 10 min to obtain supernatant containing the truncated XPC protein. This extract was supplemented with Benzonase nuclease (at a final concentration of 5 U/mL; Merck-Millipore) and subjected to immunoprecipitation with anti-FLAG M2 agarose beads. After the beads were extensively washed with buffer F [20 mM sodium phosphate (pH 7.8), 1 M NaCl, 1 mM EDTA, 10% glycerol, 0.01% Triton X-100, 0.25 mM PMSF], bound proteins were eluted with the same buffer containing 0.5 mg/mL FLAG peptide. The CREBbinding protein fused to a C-terminal FLAG-tag (CBP-FLAG) was expressed in insect cells and purified with anti-FLAG M2 agarose beads (detailed purification procedures will be described elsewhere by T. Yasuda et al.) .
The His-tagged XPC N-terminal fragments were expressed in Escherichia coli strain BL21 (DE3) with the pET-28a vector (Takara Bio). Inclusion bodies were solubilized by sonication in buffer G [50 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 6 M urea, 5% glycerol], and the XPC fragments were purified with TALON metal affinity resin (Takara Bio). Recombinant histone H3.1 (full-length and N-terminal tail-less) (Tachiwana et al. 2011; Iwasaki et al. 2013) , histone H1.2 (Machida et al. 2016) and CETN2 (Nishi et al. 2005) proteins were expressed in E. coli and purified as described previously.
Far-Western blot analysis
Proteins separated on a SDS polyacrylamide gel were transferred onto a polyvinylidene difluoride membrane filter (Immobilon-P; Merck-Millipore). The filter was first incubated with buffer H [10 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 0.05% Tween 20] containing 5% skim milk (Wako Pure Chemical) to block nonspecific protein binding, and then with the recombinant protein of interest diluted in blocking solution. After overnight incubation at 4°C, bound proteins were detected according to the standard methods for Western blot analysis using a secondary antibody conjugated to horseradish peroxidase (Medical & Biological Laboratories, Nagoya, Japan) and ImmunoStar LD (Wako Pure Chemical). Detection of chemiluminescence was carried out on a LAS-4010 lumino-imaging analyzer (GE Healthcare Biosciences, Piscataway, NJ, USA) and also with Xray film (RX-U: Fujifilm, Tokyo, Japan).
Pull-down assay
To investigate interactions of nondenatured XPC proteins, 0.1 mg of paramagnetic beads conjugated to protein G (FG beads protein G; Tamagawa Seiki, Iida, Nagano, Japan) was incubated at 4°C for 30 min with 1 lg of anti-histone H3 antibody (ab1791; Abcam) in 100 lL of PBS. After being washed with buffer I [20 mM Tris-HCl (pH 7.8), 2 M NaCl], the beads were further incubated at 4°C for 1 h with 2 lg of recombinant histone H3.1 in 50 lL of buffer I. The beads were washed extensively with buffer I and used for subsequent binding reactions. For in vitro acetylation reactions, the beads bound to histone H3.1 were suspended in 50 lL of buffer J [50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 10% glycerol, 1 mM DTT, 0.12 mM acetyl-CoA] and incubated at 30°C for 2 h with 2.5 lg of CBP-FLAG.
Binding reactions were carried out at 4°C for 1 h in 50 lL of buffer K [20 mM sodium phosphate (pH 7.8), 0.3 M NaCl, 10% glycerol, 0.1% Triton X-100, 0.2 mg/mL bovine serum albumin] containing 0.25 U/lL Benzonase nuclease. After the beads were washed extensively with buffer J, bound proteins were eluted by incubating at 37°C for 30 min in SDS sample buffer [62.5 mM Tris-HCl (pH 6.8), 1% SDS, 1% MPD, 10% glycerol, 0.02% bromophenol blue].
Immunofluorescence staining
Cells in a 35-mm glass-bottom dish (poly-D-lysine-coated; MatTek, Ashland, MA, USA) were washed twice with PBS and fixed for 10 min at room temperature with 2% paraformaldehyde solution. The cells were washed twice with PBS and incubated for 10 min at room temperature in PBS containing 0.5% Triton X-100. After the cells were washed twice with PBS, PBS containing 2% FBS was added, and the sample was incubated for 30 min at room temperature to block nonspecific antibody binding. The cells were again washed twice with PBS and then incubated overnight at 4°C with a primary antibody diluted in PBS containing 0.5% FBS. The cells were again washed twice with PBS and further incubated at 37°C for 30 min with an appropriate secondary antibody labeled with Alexa Fluor (Thermo Fisher Scientific), diluted in PBS containing 0.5% FBS. After two more washes in PBS, a coverslip was mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). Immunofluorescence was observed on a LSM700 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany) . Quantitative analysis of the fluorescence intensities was carried out with the ImageJ software.
Other materials and methods
For transfection of cells with small interfering RNA (siRNA), the Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific) was used, and the final concentration of siRNA in culture medium was adjusted at 20 nM. Quantitative measurement of UV-induced 6-4PPs in genomic DNA was carried out by enzyme-linked immunosorbent assay with lesion-specific monoclonal antibody (64M-2: Cosmo Bio), as described previously (Yasuda et al. 2007) . To avoid dilution of lesions by DNA replication, cells were treated with 6 mM thymidine for 2 h before UV irradiation and also during the post-UV incubation.
Mouse monoclonal antibodies recognizing various histone modifications were purchased from MAB Institute (Sapporo, Hokkaido, Japan). For Western blotting, FLAG-and Histagged proteins were detected using anti-DYDDDDK tag (1E5; Wako Pure Chemical) and anti-6 9 Histidine (9C11; Wako Pure Chemical) monoclonal antibodies, respectively. Anti-XPC ) and anti-histone H1.2 (Machida et al. 2016 ) polyclonal antibodies were described in previous reports.
